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ABSTRACT 
Maintaining healthy sleep is essential for health and human development. Sleep is also 
related to daily fluctuations of key stress-responsive physiological systems, such as the 
hypothalamic-pituitary-adrenal (HPA) axis and autonomic nervous system (ANS). Extant 
research examining sleep and diurnal patterns of cortisol, the primary end product of the 
HPA axis, is inconsistent. Moreover, it is not clear how specific aspects of sleep behavior 
(e.g., sleep duration, sleep quality, sleep inconsistency) are related to specific components 
of diurnal cortisol rhythms. Salivary alpha-amylase (sAA) has been recognized as a 
surrogate marker of ANS activity, but limited research has explored relations between 
sleep and sAA diurnal rhythms. The current study utilized a modified ecological 
momentary assessment protocol to examine within- and between-person relations 
between multiple facets of sleep behavior using multiple methods (e.g., subjective report, 
actigraphy) and salivary cortisol and sAA. First year college students (N = 76) provided 
saliva samples and diary entries five times per day over the course of three days. Sleep 
was assessed via questionnaire, through daily diaries, and monitored objectively using 
actigraphy over a four day period. Between-person results revealed that shorter average 
sleep duration and greater sleep variability was related to lower levels of waking cortisol 
and flatter diurnal slopes across the day. Within-person results revealed that on nights 
when individuals slept for shorter durations than usual they also had lower levels of 
waking cortisol the next day. Sleep was not related to the cortisol awakening response 
(CAR) or diurnal patterns of sAA, in either between-person or within-person analyses. 
However, typical sleep behaviors measured via questionnaire were related to waking 
levels of sAA. Overall, this study provides a greater understanding of how multiple 
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components of sleep measured in naturalistic environments are related to cortisol and 
sAA diurnal rhythms, and how day-to-day, within-person changes in sleep duration 
contribute to daily variations in cortisol. 
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Examining Multiple Sleep Behaviors and Diurnal Patterns of Salivary Cortisol and 
Alpha-Amylase: Within- and Between-Person Associations 
Introduction 
 
Sleep is increasingly acknowledged as a pillar of healthy development (Becker et 
al., 2015; Buysse, 2014; Dahl & Lewin, 2002; El-Sheikh & Sadeh, 2015; Owens, 2014). 
Maintaining healthy sleep is recognized as an essential regulatory process necessary for 
consolidating memories and learning, regulating affect, maintaining attention, and overall 
cognitive functioning (Astill et al., 2012; Beebe, 2011; Walker and Stickgold, 2004; 
Wright et al., 2012). Sleep is also directly involved in the regulation of key biological 
processes. For example, sleep plays a role in metabolic functioning, facilitates 
neurological development, and is increasingly recognized as critical for maintaining 
physiological homeostasis (Carskadon & Dement, 2000; Dahl, 1996; Spiegel et al., 
1999). Sleep disruption and circadian misalignment (i.e., alteration of one’s typical sleep 
schedule) can affect multiple brain and body systems. This is illustrated by studies 
demonstrating that several days of reduced sleep or changes to sleep patterns can increase 
appetite and caloric intake, elevate insulin and blood glucose, and increase levels of pro-
inflammatory cytokines (Depner et al., 2014; Irwin et al., 2010; Markwald et al., 2013; 
Scheer et al., 2009). A growing research literature has also linked changes in sleep 
behaviors with alterations to critical stress responsive biological systems (Leproult and 
Van Cauter, 2010; Meerlo et al., 2008 for review; Steiger, 2002).  
Stress responsive biological systems, specifically the hypothalamic-pituitary-
adrenal (HPA) axis and autonomic nervous system (ANS), have evolved to guide 
adaptive responses to environmental threat and challenge (Gunnar et al., 2009; McEwen, 
2003; Porges, 2007). The HPA axis, and its end product cortisol, help to facilitate the 
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stress response and are necessary for survival. A presented or anticipated stimulus 
initiates the secretion of a cascade of hormones in the HPA axis culminating in the 
release of cortisol, which is essential in the recovery phase of the stress response and 
critical for re-establishing homeostasis within the body (Sapolsky et al., 2000). In 
contrast, the ANS, which consists of the sympathetic nervous system (SNS) and 
parasympathetic nervous system (PNS), responds much quicker and is responsible for 
preparing the body and mobilizing resources in the face of immediate stressors (Gunnar 
and Quevedo, 2007; Porges, 2007). Individuals rely on these adaptive mechanisms to 
respond to acute situational stressors, but also maintain distinct biological rhythms to 
continuously adapt to changing environmental demands (Hastings et al., 2003; McEwen, 
2003). These circadian rhythms, including those of both the HPA axis and ANS, are 
largely mediated by the hypothalamic suprachiasmatic nuclei (SCN), the body’s principal 
endogenous circadian pacemaker (Reppert and Weaver, 2002; Turek and Zee, 1999). The 
SCN coordinates the diurnal rhythms of these systems, which are critical for mobilizing 
energy resources, regulating metabolic functioning, and are closely related to oscillations 
of the sleep-wake cycle (Balbo et al., 2010; Steiger, 2002; Van Reeth et al., 2000).  
Alterations to the typical biological rhythms of these stress responsive systems are 
theorized to have important implications for health and development (Gunnar and 
Vazquez, 2001; Miller et al., 2009). For example, studies have linked altered diurnal 
cortisol patterns with depression and anxiety (e.g., Adam et al., 2014; Doane et al., 2013; 
Vrshek-Schallhorn et al., 2013), chronic fatigue (e.g., Roberts et al., 2004) and risk for 
cardiovascular disease mortality (e.g., Kumari et al., 2011). Further, evidence suggests 
variations in circadian ANS activity are a potential risk factor for long-term health 
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problems and cardiovascular disease (for review see Durgan and Young, 2010; Hastings 
et al., 2003). Thus, understanding factors contributing to variations in the patterns of 
these systems is a critical question for investigators.  
Although individual differences in the diurnal patterns of stress responsive 
systems are largely influenced by genetics (Bartels et al., 2003; Van Hull et al., 2011; 
Wust et al., 2000) and through entrainment of the SCN (Clow et al., 2010; Edwards et al., 
2001), the diurnal patterns of these systems also appear to be altered by variation in 
environmental and psychological experiences across multiple time courses (e.g., days, 
months, years; Adam et al., 2006; Adam, 2012; Tarullo and Gunnar, 2006). For example, 
studies indicate diurnal rhythms of cortisol possess both “trait like” qualities as well as 
“state like” properties, demonstrating that the HPA axis is open to proximal (e.g., day-to-
day) psychological and environmental inputs (e.g., Doane et al., 2015; Hellhammer et al., 
2007; Ross et al., 2014). This is evidenced by studies revealing that psychosocial 
experiences are associated with day-to-day changes to specific components of the cortisol 
diurnal rhythm (e.g. Adam, 2006; Doane and Adam, 2010). These studies and others 
demonstrate that these systems exhibit between-person variability, but also that 
psychological and environmental factors contribute to within-person variation in these 
systems. Sleep behaviors represent one such environmental factor that is likely to vary 
between and within individuals across time and that is related to stress responsive diurnal 
rhythms via mutual influence from the SCN (Buckley et al., 2005; Elder et al., 2015; 
Meerlo et al., 2008).  
The sleep-wake cycle, also largely controlled through the SCN, is interconnected 
with endogenous rhythms of stress-response biological systems. Indeed, recent evidence 
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has revealed complex interactions between sleep and the diurnal patterning of cortisol 
and various indicators of ANS functioning (Leproult and Van Cauter, 2010; Meerlo et al., 
2008 for review). Further, research from both animal and human literatures indicate the 
sleep-wake cycle and physiological stress system diurnal rhythms are closely aligned 
temporally and functionally, such that disruptions in sleep lead to alterations in diurnal 
rhythms (Irwin et al., 1999; Van Reeth et al., 2000; Wright et al., 2015). For the HPA 
axis, these relations are theorized to be bi-directional, with changes in diurnal cortisol 
rhythms also leading to changes in sleep (Steiger, 2002). For example, there is evidence 
that individuals with disorders that result in excessive cortisol secretion (e.g., Cushing’s 
disease) have disrupted and less restorative sleep (i.e. less slow wave sleep; Shipley et al., 
1992; Steiger, 2002). Conversely, experimental designs restricting various amounts of 
sleep demonstrate that individuals with shortened sleep exhibit elevations in evening 
levels of cortisol (e.g., Leproult et al., 1997). However, several studies have also 
identified no association between sleep and diurnal cortisol (e.g., Hucklebridge et al., 
2000; Preussner et al., 1997). Sleep has also been linked to ANS diurnal patterning. 
Studies have shown that shorter sleep is associated with higher overnight ANS activation 
and subsequent alterations to diurnal rhythms (e.g, Zhang et al., 2010). Recently, research 
has focused on the diurnal patterns of salivary alpha-amylase (sAA), which has been 
identified as a surrogate marker of ANS activity (Granger et al., 2007; Nater and 
Rohleder, 2009). However, few studies have examined whether sAA diurnal patterns are 
related to sleep. One study examined young adults in naturalistic settings and failed to 
find an association between self-reported sleep and the diurnal course of sAA (Nater et 
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al., 2007). A more recent study found that morning levels of sAA were not related to 
sleep duration or quality in a sample of young children (Bright et al., 2014). 
 Despite a wealth of research examining sleep and stress physiology there are 
several key limitations in the extant literature. First, the dynamic nature of the human 
stress response and sleep-wake cycle requires specific measures of multiple components 
of these systems to accurately examine the relations among these processes. Although 
studies have examined associations between sleep and levels of cortisol, the timing, 
measurement, and diurnal phase assessed may drastically alter, or obscure, the 
interpretation of any significant findings. In order to accurately model daily rhythms of 
cortisol and sAA it has now become standard to obtain multiple samples across the 
waking day (Adam and Kumari, 2009). These measures allow for an estimate of several 
key components of the diurnal rhythm (e.g., waking levels, awakening response, linear 
change across the day). Second, studies that have examined relations between sleep and 
diurnal stress physiology using multiple measures across the day often ignore participant 
compliance with study protocols. The nature of these methods requires precise 
measurement timing, making it necessary to use compliance devices that provide 
information regarding the time the sample was provided during the day, particularly in 
the morning (Kudielka, Broderick and Kirschbaum; Rotenberg and McGrath, 2014). 
Third, the measurement and operationalization of sleep varies considerably among 
studies. Sleep is a complex construct that can be measured in various ways.  Generally, 
sleep can be broken down into four main categories: sleep architecture, sleep quantity, 
sleep quality, and sleep schedule. Depending on the method and instrument used to 
measure sleep (e.g., polysomnography, actigraphy, diary, questionnaire) a variety of 
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sleep-related variables can be derived (e.g., bed time, sleep duration, sleep efficiency, 
sleep schedule or variability). Although many of these measures are used 
interchangeably, these indices measure different aspects of sleep and the specific nature 
of the influence of sleep (e.g., sleep duration, sleep quality, sleep schedule) on stress 
responsive diurnal patterns has not be explicitly examined. 
Thus, the primary aim of the current study was to evaluate several facets of sleep 
using multiple methodologies to examine relations with the diurnal patterns of key stress 
responsive diurnal systems (e.g., HPA axis, ANS). Specifically, this study used a multi-
method approach, utilizing both subjective and objective report, to test associations 
between various aspects of sleep (e.g., duration, quality, duration variability) and multiple 
components of the diurnal rhythms (e.g., waking, awakening response, linear change 
across the day) of both cortisol and sAA. Further, this study tested between-person and 
within-person associations by examining relations between typical sleep (i.e., averaged 
across the study protocol) and diurnal patterns of cortisol and sAA, as well as 
associations between day-to-day changes in sleep and diurnal cortisol and sAA. 
The following review of the literature will provide background information on 
key processes related to the current study, including detailed explanation of the sleep-
wake cycle, the measurement and operationalization of sleep, and diurnal patterns of 
cortisol and sAA. Next, the extant literature examining sleep and diurnal stress 
physiology will be reviewed. Last, an explanation of the developmental context relevant 
to the current study sample will be provided. 
The sleep-wake cycle and sleep measurement 
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The sleep/wake cycle is controlled by two mechanisms – circadian rhythmicity 
and sleep-wake homeostasis. The circadian sleep system is organized through the SCN, 
which functions as an endogenous pacemaker regulating circadian rhythms (Reppert and 
Weaver, 2002; Turek and Zee, 1999). The 24-hour clock the SCN is set to is controlled 
through a process called entrainment, which serves the function of keeping appropriate 
phase with seasonal shifts in day length (Reppert and Weaver, 2002). Entrainment occurs 
mostly through daily alterations in light and dark caused by the rotation of the earth, but 
the SCN is also responsive to environmental cues such as arousal, physical movement, 
temperature, and social rhythms (Mistlberger et al., 2000). In contrast, sleep-wake 
homeostasis regulates sleep duration and structure based on prior sleep and wakefulness. 
For example, the longer an individual remains awake the more sleep-drive is built up 
until this pressure can be relieved through sleep. These two distinct systems, circadian 
rhythmicity and sleep-wake homeostasis, work together to maintain proper sleep/wake 
balance (Dijk and Franken, 2005).  
Researchers have used a variety of subjective and objective methods to measure 
the sleep-wake cycle and sleep behaviors. The gold standard for assessing sleep 
objectively is laboratory-based polysomnography (PSG). This method is mostly limited 
to clinical settings and lab based research (Hall et al., 2008). PSG, although capable of 
modeling the specific nature of sleep architecture through EEG (e.g., REM sleep, slow-
wave sleep), is expensive and not able to assess sleep patterns in naturalistic 
environments. Non-lab based methods, such as actigraphy, have been developed to 
increase the ability to measure sleep in more ecologically valid ways (for review see 
Sadeh, 2011 or Van De Water, Holmes & Hurley). Actigraph wrist devices record 
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movements that can be utilized to estimate sleep parameters using various algorithms 
(Acebo, 2005). Actigraphy has been used widely in research, and has shown considerable 
accuracy and reliability over short periods of measurement (Sadeh et al., 1995; Sadeh, 
2011). In terms of subjective report measures, daily diaries have been used to both 
measure specific aspects of sleep and corroborate objective methods (Buysse et al., 
2006). Researchers have also used retrospective questionnaires, such the Children’s Sleep 
Habit Questionnaire (CSHQ; Owens et al., 2000) and the Pittsburgh Sleep Quality Index 
(PSQI; Buysse et al., 1989) to assess global sleep characteristics.  
From these methods, a variety of sleep measures can be derived. For the purposes 
of the current study, measures only able to be acquired through PSG (e.g., REM sleep 
percentage) will not be reviewed, as these methods were not utilized and are beyond the 
scope of the current study. The most frequently used measure of sleep is sleep duration 
(or sleep quantity). Sleep duration represents the total amount of time spent sleeping, and 
can be calculated by asking individuals their bed and wake times or by using objective 
methods, such as actigraphy, to compute the total time spent sleeping while in bed 
through estimation of activity levels and motion. Researchers can also use several 
different methods to measure and calculate sleep schedule and sleep variability. Bedtimes 
and wake times, reported through daily diary, questionnaire or through estimating sleep 
onset and waking times using actigraphy, can be used to calculate the average variation 
(i.e., standard deviation estimate from the person-level average) of an individual’s 
bedtime, waketime or sleep duration. These measures capture the consistency of sleep 
schedule and behavior.  
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Sleep quality can also be measured in several ways. One way of capturing sleep 
quality is to estimate the time difference between attempted sleep and the onset of sleep, 
a measure often referred to as sleep latency. Another common way to acquire sleep 
quality through objective methods is by calculating the percentage of time spent sleeping 
while an individual is physically in bed (i.e., sleep efficiency). In contrast, sleep quality 
measured via sleep diary or single time point questionnaire refers to an individual’s 
subjective appraisal of the quality of their sleep. A challenge for researchers is to 
continue to examine the specific nature of various facets of sleep measured in different 
ways using diverse methodologies (Shochat, Cohen-Zion, Tzischinsky, 2014), as specific 
measures may not be concordant across methods. For example, it may not be appropriate 
to compare within or between studies that use different methodologies using the term 
sleep quality (Tremaine et al., 2010), as these measures may be tapping into different 
components of sleep (e.g., appraisal of sleep vs. objective estimate of sleep quality). In 
the current study, both subjective and objective methods are used to assess sleep duration, 
sleep quality, and sleep duration variability. 
Cortisol diurnal rhythms 
Cortisol is secreted in pulsatile bursts throughout the day (Lightman, 2008). These 
patterns of cortisol activity demonstrate a distinct diurnal rhythm characterized by high 
levels upon waking, a strong increase within 30-40 minutes post-awakening (cortisol 
awakening response; CAR), followed by a gradual decline throughout the day before 
reaching the lowest point after sleep initiation (Dallman et al., 2000; Tsigos and 
Chrousos, 2002; Steiger, 2002). Cortisol levels remain low during the first half of the 
sleep-cycle before gradually rising again to repeat a similar diurnal pattern (Clow et al., 
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2010; Fries et al., 2009; Kirschbaum and Hellhammer, 1989). Several different 
components of the cortisol diurnal rhythm are theorized to be influenced by 
environmental and psychological experiences. Indeed, an extensive literature has focused 
on drawing associations between components of the diurnal rhythm and various 
psychosocial outcomes (e.g., Adam et al., 2010; Shirtcliff and Essex, 2008). The most 
commonly used markers of the diurnal rhythm include waking levels of cortisol, the 
magnitude of the awakening response (i.e. difference in levels between waking and 30 
minutes after waking; CAR), elevation and slope of the diurnal curve (e.g. Adam, 2006; 
Almeida et al., 2009; Doane and Adam, 2010), and total daily cortisol output or the area 
under the curve with respect to ground (AUCg; see Pruessner et al., 2003).  
The CAR, which refers to the 50-60% increase in cortisol often observed 
following awakening, has perhaps received the most empirical attention of all cortisol 
indicators. Although often conceptualized as part of the cortisol diurnal rhythm, the CAR 
is theorized to be distinct and independent from the circadian cortisol cycle (Clow et al., 
2010; Wilhelm et al., 2007). Further, the CAR is thought to serve a preparatory role — 
helping to transition from sleep to awakening, regulating attention and arousal, and 
representative of the anticipatory rise in cortisol needed to confront the upcoming stress 
of the day (Adam et al., 2006; Clow et al., 2010; Fries et al., 2009). The CAR has been 
observed across development, but is thought to emerge in late infancy (Baumler et al., 
2013). Although the CAR has been hypothesized to represent a viable and stable marker 
of individual differences in HPA axis functioning, studies have consistently demonstrated 
day-to-day variability (Hellhammer et al., 2007). Indeed, several studies have revealed 
the CAR is affected by prior day experiences (e.g., Adam et al., 2006; Dahlgren et al., 
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2009), suggesting the CAR tends to exhibit more dynamic state like properties subject to 
day-to-day variation. For example, Doane and Adam (2010) found that prior day feelings 
of loneliness were associated with a more pronounced CAR the next day. These findings 
are further supported by recent longitudinal studies demonstrating that approximately 80-
90% of CAR variability is attributable to day-to-day influences (Ross et al., 2014). 
The diurnal cortisol slope, or the linear change in cortisol from waking to 
bedtime, is thought to capture typical circadian variation and has also been implicated as 
a valuable marker of HPA axis functioning (Adam & Kumari, 2009; Stone et al., 2001). 
Typically, healthy individuals exhibit a negative diurnal cortisol slope, with flattened or 
positive slopes thought to potentially indicate HPA axis dysregulation (Stone et al., 
2001). For example, flattened diurnal cortisol slopes have been associated with negative 
emotionality and loneliness (Adam et al., 2006; Doane et al., 2013), as well as 
internalizing disorders (Lopez-Duran et al., 2009; Shirtcliff & Essex, 2008). Importantly, 
like the CAR, the diurnal cortisol slope also demonstrates day-to-day fluctuations. For 
example, a recent study that evaluated the diurnal profiles of adolescents over the course 
of six years indicated 87%
 
of the variance in diurnal cortisol slopes was due to day-to-day 
or within-day fluctuations (Shirtcliff et al., 2012). These findings have been demonstrated 
across others studies with similar results (e.g., Ross et al., 2014).  
Sleep and diurnal cortisol 
Similar to the sleep-wake cycle, the HPA axis and cortisol diurnal rhythms are 
also under the influence of the SCN. The close alignment of the diurnal profile of cortisol 
with the sleep-wake cycle (Balbo et al., 2010; Steiger, 2002) and the interconnection 
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between the SCN and HPA axis, in theory, makes sleep an important factor potentially 
modulating diurnal patterns of cortisol. However, it has been speculated that waking 
levels of cortisol and the CAR are also subjected to a combination of inputs derived from 
pre- and post-awakening influences and environmental experiences before the onset of 
sleep (Adam et al., 2006; Clow et al., 2010; Stalder et al., 2009). Thus, negative or 
stressful events before sleep onset, including prior day experiences, are theorized to 
influence morning levels and the dynamic increase in cortisol (Adam et al., 2006). This 
has been demonstrated in studies examining day-to-day relations between various 
psychological and environmental constructs (e.g., stress, loneliness, negative affect) and 
changes to diurnal cortisol patterns (Adam et al., 2006; Chida & Steptoe, 2008 for 
review; Doane and Adam, 2010) 
In line with this theory, sleep behavior, including shortened sleep (or sleep debt), 
poor quality sleep, and/or circadian misalignment, can be hypothesized as stressful 
experiences that may influence subsequent diurnal patterning of cortisol (McEwen, 2006; 
Wright et al., 2015). Circadian misalignment occurs when wakefulness occurs at times 
the SCN is promoting sleep and when sleep occurs at times when wakefulness is being 
reinforced by the SCN (Baron and Reid, 2014). Associations between circadian 
misalignment and patterns of cortisol are evidenced by studies examining shift-workers 
who frequently alter sleep patterns. For example, a study investigating changing shift 
patterns among workers demonstrated a reduced CAR for individuals moving from day-
shift to night-shift (Kudielka et al., 2006). Thus, it could be hypothesized that, in addition 
to drastic sleep misalignment (e.g., shift workers), normative fluctuations in sleep may 
also have a specific impact on diurnal cortisol rhythms. This could have implications for 
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adolescents or young adults who tend to frequently disrupt circadian rhythms because of 
academic or social pressures, a concept that has been termed “social jetlag” (Wittman et 
al., 2006). Thus, college students, who are known to drastically alter sleep behavior from 
night-to-night (Laska et al., 2009; Onyper et al., 2012), may also see changes in diurnal 
cortisol due to highly variable sleep behaviors. 
Research specifically examining relations between aspects of sleep and the 
diurnal cortisol has only recently emerged. Variability in methodological approaches and 
sampling design make comparisons across studies difficult. For example, sleep duration 
and the CAR have been examined in lab-based and naturalistic settings using both 
subjective and objective measures of sleep (Elder et al., 2014). In one study examining a 
cohort of middle-aged adults, self-reported shorter sleep duration was positively 
associated with the CAR, such that individuals who reported less sleep also had a greater 
rise in morning cortisol (Kumari et al., 2009). Other studies have also found that self-
reported shorter prior night sleep time was associated with a greater CAR (e.g.,Vargas 
and Lopez-Duran, 2014). In contrast, Preussner et al. (1997) found that self-reported 
sleep duration was not related to the CAR. 
Despite mixed findings, the commonality among these studies is the use of 
subjective sleep measures and a lack of compliance devices. These factors present two 
key issues when examining waking levels of cortisol and the CAR. First, sample timing 
of the CAR is critical for reliable estimation (DeSantis et al., 2010; Dockray et al., 2008; 
Kudielka et al., 2003). Delays in sampling waking values are thought to skew the 
measurement of the CAR because the increase in cortisol may have already been 
initiated, missing the window of time needed to capture the awakening response. Some 
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studies have suggested that delays in sample timing as little as 5 minutes can alter 
accurate estimation of the CAR (Smyth et al., 2013). Thus, the use of an electronic 
compliance device is critical for a reliable estimate of both the waking sample time and 
the CAR (Kudielka et al., 2003). Second, although compliance devices provide sample 
time, they offer no information about how long the delay has been between waking and 
sample timing (DeSantis et al., 2010; Dockray et al., 2008; Okun et al., 2010). Without 
the use of objective measures of sleep and the use of compliance devices it is difficult to 
know if both waking and CAR measurement was accurate in prior studies not measuring 
participant compliance.  
Interestingly, findings from studies using objective measures of sleep are also 
mixed. For example, one study using actigraphy to measure sleep and cortisol for three 
days among adults in naturalistic environments found that average sleep duration was not 
related to average waking levels of cortisol, though they did not specifically examine the 
CAR or within-person associations (Zhang et al., 2010). Further, without the use of 
compliance devices it is difficult to know if these results are reliable. In contrast, another 
study examining adolescents using objective measures of sleep found that sleep duration 
one night was negatively associated with the CAR the next morning (i.e., longer sleep, 
less of an increase; Zeiders et al., 2011). Although compliance was monitored, it was 
done by assessing subjective wake times instead of through electronic monitoring 
devices. A recent study examining one night of sleep among children aged 6-10 years old 
using objective sleep measures revealed that children who slept for less time had a greater 
CAR (Lemola et al., 2015). Again, a lack of compliance devices to assess sampling time 
makes results difficult to assess. 
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A range of studies have also experimentally manipulated sleep and examined 
morning levels and change in cortisol. For example, reducing sleep from 8 hours to 6 
hours per night for a week in a small sample of healthy young adults resulted in a reduced 
peak post-awakening response in cortisol (Vgontzas et al., 2004), but this effect has not 
been seen in other studies employing similar designs (e.g., Voderholzer et al., 2012). 
Studies have also attempted to capitalize on groups of individuals who manipulate sleep 
schedules as part of normal routines, such as shift workers. For example, nurses and 
public transportation workers who reported working later shift times had reduced CARs 
(e.g., Federenko et al., 2004; Williams et al., 2005). Recent research has also explored the 
possibility that shortened sleep and circadian misalignment may differentially influence 
diurnal cortisol, including the morning levels and change. For example, researchers 
experimentally manipulated sleep durations and sleep schedules in a sample of healthy 
young adults and found that depriving sleep resulted in higher morning cortisol levels 
whereas sleep misalignment resulted in lower cortisol levels (Wright et al., 2015). To 
date, the influence of high levels of variability and circadian misalignment of sleep has 
yet to be tested using samples that experience normative fluctuations in sleep schedules. 
This question is particularly well-suited to be answered by examining college students 
who are entering new environments in which sleep behavior tends to be erratic (Ari and 
Shulman, 2012; Carskadon et al., 2004; Doane et al., 2015). In sum, the literature 
examining sleep and morning cortisol (e.g., waking levels, CAR) is mixed. 
Methodological variability makes it difficult to detect patterns in findings across studies. 
For example, significant differences in measurement compliance, sample timing, and 
analytic approach obscure any consistent patterns (Elder et al., 2015; Garder et al., 2012). 
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More research using consistent methodologies is needed to accurately model morning 
changes in cortisol and relations with sleep.  
More recently, studies have employed research designs that allow for the 
examination of associations between patterns of sleep and both morning levels and linear 
change in cortisol across the day. However, because multiple samples are needed 
throughout the day to accurately model diurnal patterns, substantially less research has 
been conducted in this area than studies explicitly examining morning levels. The studies 
that have been conducted have used a variety of approaches. For example, Kumari and 
colleagues (2012) examined the diurnal cortisol profiles of a large cohort of middle-aged 
adults using latent mixture modeling and found that individuals who tended to report 
short sleep duration were also more likely to exhibit a flattened diurnal profile, which is 
theorized to be an indicator of dysregulation. Other recent studies assessing sleep via self-
report have also demonstrated that shorter sleep times and poorer sleep quality, on 
average, were related to flatter diurnal cortisol rhythms (Ho et al., 2013). In one of the 
few studies to examine sleep objectively in naturalistic settings, Zieders and colleagues 
(2011) found that adolescents who typically received greater sleep duration had steeper 
diurnal cortisol slopes and that on days when they received more sleep then usual they 
also had steeper slopes, which is theorized to be an indicator of a healthier diurnal 
cortisol rhythm. However, this study did not examine the influence of sleep quality or 
sleep variability on diurnal patterns of cortisol. Thus, research examining multiple facets 
of sleep using multiple methods in naturalistic settings is needed to understand the 
specific influence of sleep on diurnal cortisol. 
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The ANS and salivary alpha-amylase 
In both humans and mammals there are two related but distinct systems 
responsible for responding to stress: the sympathetic-adrenomedullary (SAM) system and 
HPA axis. The SAM system is a component of the sympathetic branch (SNS) of the ANS 
that, in contrast to the HPA axis, responds immediately to perceived threat or 
psychological stress (i.e. fight or flight) through the release of catecholamines 
(epinephrine and norepinephrine) and the marshalling of metabolic resources (Gunnar 
and Quevedo, 2007; Urlich-Lai and Herman, 2009). Recently, sAA, a digestive enzyme 
secreted by the salivary glands, has been used as proxy for autonomic activity (Rohleder 
et al., 2004; Van Stegeren et al., Wolf 2006). sAA provides a considerable advantage to 
researchers because it can be measured through saliva, which is less invasive than other 
techniques for assessing ANS activity (e.g., blood draw, urinary catecholamines; heart 
rate, blood pressure). Studies utilizing lab paradigms have demonstrated that sAA 
increases in response to a variety of psychosocial stressors (Nater et al., 2005; Thoma et 
al., 2012), physical activity (Kivlighan and Granger, 2006), and affective states (Byrd-
Craven et al., 2011).  
sAA exhibits a typical diurnal pattern opposite that of cortisol; low levels upon 
waking, followed by a sharp decrease within the first 30 minutes, and then a relative rise 
across the day (Nater et al., 2007; Out et al., 2013; Rohleder et al., 2004). Similar to the 
cortisol diurnal profile, altered sAA diurnal patterns have been found in several samples, 
including individuals experiencing chronic stress (e.g., Nater et al., 2007) or with certain 
psychopathology, such as PTSD (e.g., Thoma et al., 2012). Although some studies have 
reported no decrease in sAA within the first hour after awakening (e.g., Adam et al., 
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2011), most report a sharp decrease (e.g., Doane and Van Lenten, 2014; Out et al., 2013). 
There is some evidence to suggest that a portion of the variance in sAA diurnal patterns is 
attributable to stable, heritable differences (Out et al., 2011). Research examining the 
stability of these rhythms over time within- and between persons has only recently 
emerged. For example, Out and colleagues (2013) examined the stability of diurnal sAA 
rhythms in a sample of young adults across 6 months and demonstrated that 
approximately 28% and 15% of the variance in the awakening response and diurnal slope 
was attributable to individual differences between people, indicating these rhythms may 
possess “trait like” properties. It is important to note, however, that a substantial portion 
of the variance was unaccounted for and determined to be measurement error (64% and 
67%). When individuals were removed for non-compliance with morning sampling 
protocols the estimate of variance for person by day interactions increased from .8% to 
10.3%. Thus, both individual differences and day-to-day factors may potentially account 
for variation in sAA diurnal patterns. Further, specific environmental and psychological 
factors contributing to between and within-person diurnal sAA variations have yet to be 
fully established. 
Sleep, the ANS and sAA diurnal rhythms 
The circadian mechanisms responsible for controlling sleep are also directly 
involved in the modulation ANS activity (Leproult & Van Cauter, 2010). During sleep, a 
marked decrease in SNS activity occurs along with a corresponding increase in PNS 
activation (Trinder et al., 2001; Yamasaki et al., 1996). Therefore, disrupted or shorter 
amounts of sleep could result in altered diurnal patterns of these systems. Indeed, prior 
research has demonstrated that sleep loss can have an activating effect on autonomic 
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activity, with a corresponding increase in heart rate and blood pressure and decreases in 
PNS activity (Spiegel et al., 1999; Zhong et al. 2005). Such increases are theorized to 
have a cascading effect on daily ANS activity following a night of short sleep or 
disrupted sleep. 
Investigators have begun to examine the relations between normal variations of 
sleep in naturalistic settings and ANS diurnal patterns. For example, a study using 
actigraphy assessed sleep in concordance with measures of ambulatory blood pressure in 
a sample of adolescents and found that less sleep duration across one week was 
associated with elevated ambulatory systolic blood pressure as well as higher night to day 
BP ratios, indicating that less sleep may have an activating effect on autonomic activity 
(Mezick, Hall & Matthews, 2012). In one of the few studies to examine sAA in relation 
to sleep, Raikkonen, et al. (2010) used actigraphy to measure sleep in naturalistic settings 
across three nights before having children complete lab-based stress tasks. Their findings 
demonstrated that children with low sleep efficiency, compared to those with average to 
high sleep efficiency, displayed higher peak sAA responses during a stress task as well as 
higher sAA levels across the protocol. Although this study does not specifically examine 
diurnal patterns of sAA, it provides evidence sAA activity may be altered by specific 
changes in sleep. 
To the best of my knowledge only three studies have directly tested associations 
between sleep and diurnal sAA patterns. In one of the initial studies to examine correlates 
of the diurnal sAA rhythm, Nater et al., (2007) found no associations between self-
reported sleep duration or quality and morning levels of sAA among healthy young 
adults. However, individuals who woke-up through the use of an alarm clock had a 
 20 
 
higher waking and awakening increase in sAA. Another study examining a small sample 
of ballroom dancers found that subjective sleep duration was not related to diurnal 
patterns (Strahler et al., 2010). Importantly, this study used a global self-report measure 
to assess sleep, which can increase recall bias and does not allow within-person 
comparisons to be tested.  
A recent study of infants by Bright and colleagues (2014) is the only study to test 
relations between objectively measured sleep and diurnal sAA. Although they report no 
association between sleep measures (e.g., sleep duration, sleep efficiency) and diurnal 
sAA, the age of the sample may be an important factor. There is evidence that children at 
this age may produce overall lower levels of sAA (Proctor and Carpenter, 2007) and that 
diurnal patterns, due to an underdeveloped SCN, may not be fully established (Swaab, 
1995). Thus, it is possible that developmental factors obscured relations between sleep 
and sAA. Additional research is needed to test these associations in samples that 
represent varying populations. For example, studies that test sleep and diurnal sAA in 
healthy, typical adolescent samples have yet to be explored. Moreover, few studies have 
examining multiple facets of sleep and diurnal sAA using strict compliance parameters to 
accurately model the diurnal rhythm and no studies have examined within-person, day-to-
day associations between sleep and diurnal patterns of sAA. 
Sleep, developmental context and health  
Research examining the sleep-wake cycle and diurnal stress physiology is 
particularly important given the prevalence of sleep deficiencies among youth in the 
United States (Eaton et al., 2010). From a developmental ecological systems perspective, 
sleep can be considered at multiple levels, from the immediate environment of the 
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bedroom sleep atmosphere to policy decisions to start classes earlier or later (El-Sheikh 
& Sadeh, 2015). Environmental and biological influences and sleep may also interact 
reciprocally over time (Sameroff, 2000), as normative alterations to sleep patterns occur 
throughout child and adolescent development as a function of socioemotional, physical, 
and neurobiological changes (Crowley, Acebo & Carskadon, 2007; Dahl, 1996; Wolfson, 
1996). Besides during the first years of life, shifts in sleep behavior are most pronounced 
during adolescence. These shifts are thought to be a result of hormonal changes 
associated with pubertal maturation and increases in socioemotional demands 
(Carskadon, Viera & Acebo, 1993; Dahl, 2002). According to a recent estimate using a 
nationally representative sample, sleep duration declines from 8.5 hours at age 13 to 7.3 
hours by age 18 (Maslowsky & Ozer, 2014). These sleep amounts, particularly by the end 
of adolescence, are significantly less than the current recommendation of 8-10 hours from 
the National Sleep Foundation (Hirshkowitz et al., 2015). Changes in sleep functioning 
are not limited to decreases in time spent sleeping. Adolescents also display a shift in 
propensity for evening activities. This phenomenon, known as phase delay, generally 
begins just after puberty and reaches an apex at approximately age 20 (Carskadon et al., 
1993; Roenneberg et al., 2004). These changes in both the quantity and patterning of 
sleep are thought to be driven by the complex interplay of biological, psychosocial, 
technological and societal factors (Becker et al., 2015) that continue to alter sleep well 
into early adulthood.  
For young adults entering the college environment, changes in sleep may be even 
more severe. Although recent reports have demonstrated that average sleep duration 
actually increases from adolescence into early adulthood (e.g., Doane et al., 2015; 
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Maslowsky & Ozer, 2014), the quality and consistency of sleep may become more 
erratic. For example, almost half of college students report receiving irregular or 
insufficient sleep (e.g., Buboltz et al., 2001; Buboltz et al., 2006; Tsai and Li, 2004), and 
over 25% meet criteria for a sleep disorder (e.g., Gaultney, 2010). From a historical 
perspective sleep among college students may still be less than decades ago. For 
example, a 2001 report found that the median hours of sleep per night among college 
students has declined steadily over the last 30 years (Hicks et al., 2001). This coincides 
with other research demonstrating that sleep behaviors are one of the initial daily habits 
to change in the first year of college (Pilcher, Ginter & Sadowsky, 1997). In addition, 
college students’ sleep behaviors are constantly shifting due to new patterns of social 
behavior emblematic of the college lifestyle, including socializing and participating in 
late-night activities, tolerating noisy living conditions and roommates, and varying early-
morning class schedules (Laska et al., 2009; Onyper et al., 2012). In addition to 
potentially leading to changes in key bio-regulatory mechanisms such as the diurnal 
patterns of stress responsive systems, these trends in sleep functioning may have 
implications for a wide variety of health and developmental outcomes. For example, 
shortened sleep and sleep disturbances have been linked to poorer regulation of mood 
(e.g., Fuligni and Hardway, 2006; Pilcher et al., 1997), worse academic performance 
(e.g., Dewald et al., 2010; Trockel et al., 2000), and greater alcohol use (e.g., Singleton 
and Wolfson, 2009) among adolescents and young adults.  
Present study 
The goals of the present study were to: 1) examine relations between several 
components of sleep (e.g., duration, quality, duration variability) using multiple 
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methodologies (e.g., subjective report, objective measurement) and indicators of diurnal 
stress physiology (e.g., cortisol, sAA) in naturalistic settings using an ecological 
momentary assessment approach, and 2) assess within-person associations (e.g., day-to-
day) between objective measures of sleep (e.g., duration, quality) and cortisol and sAA. 
For both between- and within-person analyses it was hypothesized that shorter sleep 
duration and poorer sleep quality would be related to lower waking levels, a greater CAR, 
and a flatter linear decline in cortisol across the day. Further, greater sleep duration 
variability was hypothesized to be associated with lower waking levels of cortisol, a 
greater CAR, and a flatter linear change in cortisol across the waking day. Due to the 
limited empirical research examining sleep and diurnal sAA patterns, no specific 
hypotheses were made regarding the direction of effects due to the exploratory nature of 
these analyses.  
Examining relations between sleep functioning and diurnal patterns of cortisol 
and sAA is important for several reasons. First, variations in the diurnal rhythms of 
stress-responsive systems have been linked to health related outcomes, including 
depression and anxiety (e.g., Adam et al., 2014; Doane et al., 2013; Vrshek-Schallhorn et 
al., 2013). Thus, it is important to examine potential environmental factors accounting for 
these variations, as changes to these diurnal patterns may represent one pathway through 
which stress influences health. Second, it is increasingly recognized that receiving 
adequate sleep is essential for healthy human development (Dahl & Lewin, 2002; Irwin, 
2014; Wolfson & Carskadon, 1998), but the mechanisms of action are still relatively 
unclear. Thus, a possible pathway through which sleep influences developmental 
outcomes is by altering the diurnal patterning of stress responsive physiological systems.  
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The present study also addressed several gaps in the current literature. First, 
although studies have utilized highly controlled lab environments to test the effects of 
sleep deprivation on subsequent diurnal stress physiology, few have tested associations 
between typical fluctuations in sleep and diurnal stress physiology in naturalistic settings. 
Studies that have examined sleep in naturalistic settings have primarily tested between-
person associations (e.g., El-Sheikh et al., 2008), but few have examined day-to-day, 
within-person changes in sleep as they relate to diurnal stress-physiology. Further, the 
existing literature is limited by a scarcity of studies using a multi-method approach to 
measure several facets of sleep in naturalistic settings.  
The dynamic nature of diurnal patterns of stress responsive systems requires 
intensive study designs that sample multiple times across the day using compliance 
devices to reliably sample saliva. The existing literature examining sleep and diurnal 
stress physiology is difficult to interpret because many studies have not used these 
protocols. In addition, although contemporary psychophysiological theory has 
acknowledged that measuring, modeling and interpreting multiple stress-system 
functioning is essential (Bauer et al., 2002; Granger, 2012), few studies have examined 
associations between sleep and both cortisol and sAA diurnal patterns.  
Last, the focus on daily sleep processes with regard to stress-physiology and 
health is especially important to consider within a developmental context. Particularly 
during late adolescence, psychosocial and biologically driven maturational changes in the 
sleep/wake cycle may interact with rapidly changing social, emotional, and 
environmental demands to predict poor adjustment and health (Arnett, 2007; Schulenberg 
et al., 2004). Thus, examining sleep and diurnal stress physiology among adolescents 
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after they have transitioned from high school into a new socioecological context may 
help to shed light on the link between poor sleep and adjustment during this period (e.g., 
Doane et al., 2015; Tavernier and Willoughby, 2014; Wolfson and Carskadon, 2003). 
Methods 
Participants  
This study included seventy-six older adolescents (Mage = 18.53, SD = .37; 24% 
male) who were a part of a longitudinal study examining adjustment during the transition 
from high school into college. Participants were recruited through orientation activities 
for the psychology department at a large southwestern university or through 
email. Participants were required to live within 35 miles of the university and be a senior 
in a local high school during the first assessment. The sample was ethnically diverse, with 
a race/ethnic makeup of 54% Non-Hispanic White, 16% Latino/Hispanic descent, 4% 
African-American and 26% multiple race/other. Individuals came from varying 
socioeconomic backgrounds as measured by their parents’ mean levels of education, 
3.7% of parents completed some high school, 26.8% had a high school diploma or GED, 
23.2% had some college, 11% had an associate’s degree, 18.3% had a bachelor’s degree, 
and 17.1% had a graduate degree. Participants were excluded from these analyses if they 
were non-compliant (see procedure section for full compliance description) with the 
saliva sampling (n=6) or actigraphy protocol (n=1). 
Procedure 
Adolescents who agreed to enter the study were asked to select three typical 
consecutive weekdays to participate. All materials needed for the study were brought to 
the participant’s residence directly by project staff, who explained all procedures and 
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provided the participant with an email address and phone number where they could reach 
study personnel with questions. Participants signed consent forms upon delivery of 
project materials. Participants who consented to the study provided saliva samples and 
diary reports (five times a day) for three days, and wore watch-like devices (that signaled 
them for sampling times) for four nights. The watches, or actigraphs (wrist-based 
accelerometer), capture a record of activity across the day from which valid objective 
measures of waking, bed times, sleep duration and quality can be determined (Sadeh, 
Hauri, Kripke & Lavie, 1995; Sadeh, 2011). Project personnel picked up completed study 
materials and paid participants $50 for completion of the protocol.  
Study materials included three daily diaries, an actigraph, a MEMS 6 (Aardax; 
Aardex Group, Richmond, VA) track cap compliance device with 16 straws, 16 vials for 
saliva sampling, and several questionnaires. During the explanation of study procedures, 
participants were instructed to avoid eating, drinking or brushing their teeth at least 30 
minutes before providing a saliva sample. Participants provided a salivary sample 
immediately after waking, 30 minutes later, approximately 3 and 8 hours after waking, 
and at bedtime for 3 consecutive days. In conjunction with saliva samples, participants 
also completed diary entries documenting their mood, stressful events, caffeine, alcohol, 
medication and nicotine use, food intake, exercise, and sleeping behavior in the prior 
hour. In total, participants were required to fill out fifteen diary entries (M = 14.47, SD = 
1.04). 
Strict compliance parameters were used to ensure accurate modeling of cortisol 
and sAA diurnal patterns. Track caps and actigraph watches were utilized to monitor 
participants’ daily compliance, as compliance with sampling timing has been shown to 
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influence the estimation for the measurement of salivary biomarkers (Kudielka et al., 
2003; Rotenberg and McGrath, 2014). Participants were considered compliant if (1) their 
waking sample was within 15 minutes of their wake time, and (2) their second sample 
was between 23 and 37 minutes after their first sample. Individuals were excluded from 
the analysis if they failed to use track compliance devices during sampling (see Table 3). 
Measures 
Salivary cortisol and sAA. Cortisol and sAA were collected by passive drool 
according to recommendations for best practice (Granger et al., 2012) and previous 
empirical research (DeCaro, 2008) demonstrating measurement inflation when using 
alternative methods for saliva collection. Participants labeled vials with the time and date 
of sampling. Completed samples were collected from participants’ homes where they had 
been refrigerated and were then stored at -20C until sent by courier on dry ice over three 
days to Biochemisches Labor at the University of Trier (Trier, Germany) to be assayed. 
Precautions were consistent with recommendations in the literature for handling and 
transporting salivary biomarkers (Granger et al., 2012). sAA samples were assayed in 
duplicate using a kinetic reaction utilizing a chromagenic substrate, 2-chloro-4-
nitrophenyl -D Maltrotriosid (CNP-G3; Lorentz, Gütschow & Renner, 1999; Winn-Deen, 
David, Sigler, & Chavez, 1988). sAA values were log transformed and outliers (>3 SD 
from the mean) were winsorized. Cortisol samples were assayed in duplicate using a solid 
phase time-resolved fluorescence immunoassay with fluorometric endpoint detection 
(DELFIA; Dressendörfer, Kirschbaum, Rohde, Stahl, & Strasburger, 1992). Cortisol 
values were log transformed and winsorized to 1.81 μg/dl. The intra-assay coefficient of 
variation ranged between 4.0% and 6.7%, and the inter-assay coefficients of variation 
 28 
 
ranged between 7.1% and 9.0%. Multiple parameters of cortisol and sAA can be assessed 
by sampling across the day. These include waking levels, the magnitude of the 
awakening response (i.e. difference in levels between waking and 30 minutes after 
waking), and elevation and slope of the diurnal curve (e.g. Adam, 2006; Doane & Adam, 
2010). In the current study, waking levels, the cortisol and sAA awakening response, as 
well as diurnal slopes were modeled to test both between and with-person associations. 
Subjective Sleep 
The Pittsburgh Sleep Quality Index (PSQI) was used to measure subjective sleep 
(Buysse, Reynolds III, Monk, Berman, & Kupfer, 1989). The PSQI is a 19-item self-
report instrument that measures sleep quality and sleep disturbance over the past month. 
The PSQI includes seven scales: sleep quality, sleep latency, sleep duration, habitual 
sleep efficiency, sleep disturbance, use of sleep medication, and daytime dysfunction 
(Buysse et al., 1989). Participants were asked to answer questions such as, “During the 
past month, what time have you usually gone to bed at night?” to determine sleep 
duration. Participants also answered four-point Likert scale questions such as, “During 
the past month, how often have you had trouble staying awake while driving, eating 
meals, or engaging in social activities?” to assess sleep quality (i.e., daytime 
dysfunction). Participant responses were coded from 0 (not during the past month) to 3 
(three or more times in a week). Scores on the subscales were summed for an overall 
global score. Higher scores on the summed subscales indicates poorer sleep quality and 
more sleep disturbance. 
Objective Sleep 
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For the duration of the study, participants wore an Actiwatch Score (Phillips 
Respironics, Inc.) on their non-dominant wrist. The Actiwatch Score contains an 
accelerometer, which captures small movement throughout the waking day and during 
sleep periods. Participants pressed a button on the watch upon waking and when they got 
into bed at night. Study staff cross-checked actigraphy-recorded sleep periods with self-
reported bedtime and wake time as an additional sleep-period compliance measure. Sleep 
data was scored using the Phillips, Actiware (version 6) program, which includes a 
validated algorithm to measure sleep (Oakley, 1997). Activity counts within each epoch 
were calculated based on activity levels during the adjacent 2 min period.
1
 The threshold 
was set to 40, with a range of 20–80. Utilizing 1 min epochs and based on significant 
movement after at least 10 min of inactivity, this algorithm calculates a variety of sleep 
parameters.  
Sleep duration was calculated by subtracting the total amount of sleep measured 
in minutes from total time spent in bed. This parameter of sleep also excludes wake 
periods during the night. From nightly estimates of sleep duration, sleep duration 
variability was calculated by assessing the variation in sleep duration (i.e., standard 
deviation estimate from the person-level average) across four nights of sleep protocol. 
Last, sleep efficiency was estimated by assessing the percentage of time in bed that an 
individual is actually sleeping.  
Objective indicators of sleep were validated with diary self-reports of bed and 
wake times to identify significant outliers and equipment malfunction. Days when there 
was equipment malfunction or days in which there was significant discordance between 
                                                          
1
 The following algorithm was used where A denotes activity counts and E denotes epoch : A = E – 2(1/25) 
+ E – 1(1/5) + E + E + 1(1/5) + E + 2(1/25). 
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self-reports and objective measurement were not included in analyses (n = 8 days). In 
total, 93.4% of participants had actigraphy data for all 4 nights, 5.2% had data for 3 
nights of sleep, and 1.4% had 2 or fewer nights of sleep. Fewer than 3 nights of 
actigraphy may provide a poor estimation of regular sleep (Acebo et al., 1999), and, as 
such, participants with fewer than three nights of sleep data were excluded from analyses 
(n=1). 
Covariates. All analyses included person-level covariates that have been shown 
in previous research to be associated with either cortisol/sAA secretion and/or sleep 
(Kudielka, & Kirschbaum, 2003; Rohleder & Nater, 2009). These included the following: 
gender (1 = male, 0 = female), race/ethnicity (1= White, 0 = non-White), parent’s average 
educational status (ranging from 1 = some high school to 6 = graduate school), and oral 
contraceptive use. Several other person-level covariates were tested but removed from 
final analytic models if they were not associated with the outcomes, including whether 
the participant lived at home or not (1 = yes, 0 = no) and days since beginning of the 
semester. In addition, several momentary covariates were tested, including caffeine use, 
smoking, eating, or exercising within an hour of each saliva sample. Non-significant 
covariates were not included in final models. 
Data analytic plan 
Hierarchical linear growth curve modeling 
Three-level hierarchical linear growth models were used to examine associations 
among sleep, cortisol and sAA, and to account for the nested nature of the data 
(Raudenbush & Bryk, 2002; Singer & Willett, 2003). Using this strategy controls for 
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non-independence and enables changes in cortisol and sAA to be predicted by moment-
level variables (level-1), day-level variables (level-2), and individual-level variables 
(level-3). Descriptive statistics and bivariate correlations were examined for all 
independent and dependent variables and can be found in Table 1.  
Independent variables were all centered according to recommendations by Enders 
and Tofighi (2007). Time (level-1 predictor) was centered as hours since waking on each 
day (e.g., waking = 0) in order to allow for the interpretation of the intercept as the 
“starting point” of the growth curve, which in this case is cortisol/sAA levels at time of 
waking (Singer & Willett, 2003). A dummy-coded variable (i.e., 0 or 1) was used to 
represent the CAR/AAR sample. Level-2 predictors (e.g., sleep parameters) were within-
person centered to represent deviations from an individual’s average sleep across the four 
day sampling protocol. Finally, level-3 variables, including all demographic covariates, 
were grand mean centered. Cortisol (>1.81 μg/dl) and sAA (>3 SD from the mean) 
outlier values were winsorized and transformed using the natural log transformation to 
account for positively skewed distributions (Adam & Kumari, 2009).  
Several different models were constructed to test the aforementioned study 
hypotheses. The intercepts in all models were estimated to vary across both days and 
across individuals. All slopes were set as fixed parameters, except for the level-1 time-
varying predictor time since waking (latent estimate of the diurnal slope) in cortisol 
models, which varied significantly across people and was therefore allowed to vary 
randomly at Level 3 in all subsequent cortisol models. This was determined by testing 
model fit using likelihood ratio tests to examine the fit of each model with and without 
the random slope term compared to the unconditional growth model initially estimated,  
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χ2 (2) = 96.35, p < .001. Pseudo R2 statistics were computed to reflect the proportion of 
variance accounted for within- and between-person by each subsequent model (Roberts, 
Monaco, Stovall & Foster, 2011; Singer & Willett, 2003). Each model presented below 
was examined separately for both outcome variables, cortisol and sAA (see Tables 2 & 
3). 
Model 1: Unconditional growth model. Initially, a baseline model was constructed to 
estimate each individual’s cortisol and sAA diurnal rhythm. At level-1, linear and 
quadratic time variables (i.e., growth parameters) indicating how long since waking the 
sample was given were included in order to capture change in cortisol/sAA across each 
day. These variables were constructed by subtracting the wake-up time from each of the 
individual time points such that time could be interpreted as 0=wake-up, .5=wake up + 30 
min, 2.5=beep 1 etc. A dummy-coded variable, used to reflect the second sample of the 
day, was included to represent the awakening response for both cortisol and sAA.  
Model 2: Sleep parameters and diurnal cortisol and sAA. Following model 1, 
between-person differences were tested by examining how individuals' average sleep 
duration, sleep duration variability and subjective sleep quality (PSQI score) were related 
to average cortisol and sAA diurnal patterns. Average sleep duration values were 
obtained by aggregating across all sampling days and sleep duration variability was 
assessed by calculating each individual’s sleep duration variability across all sampling 
days. At level-3, sleep parameters were included to predict the intercept (waking level), 
linear time (diurnal slope), and the awakening response. At level-3, person-specific 
covariates were included to account for between-person differences, including gender, 
oral contraceptive use, race/ethnicity, and parent’s average educational status. 
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In order to assess within-person associations, sleep duration and sleep efficiency 
were added into the model at level-2 to simultaneously assess the effect of day-to-day 
changes in sleep duration and efficiency on diurnal cortisol and sAA patterns. This was 
done by examining the interaction between within-person centered sleep duration and 
efficiency scores and each growth parameter (i.e., intercept or waking, awakening 
response, linear slope). Within-person centered scores enabled the testing of associations 
between daily deviations in sleep duration and efficiency and diurnal stress physiology. 
Because daily indicators of sleep duration and efficiency were centered within-person 
(e.g., deviation scores from 4 day average) these predictors are orthogonal to between 
person indicators, which are grand-mean centered (Enders & Tofighi, 2007). 
Cortisol and sAA were tested in separate models 
 
Model 2 
 
 
Level 1: Modeling diurnal rhythms  
LogCort/sAAtij = π0ij + π1ij(TimeSinceWakingtij) + π2ij(Time
2
tij) + 
π3ij(CAR/AARtij) + etij  
Level 2: Predicting cort/sAA from prior night sleep duration and efficiency 
π0ij = β00j + r0ij  
π1ij = β10j  
π2ij = β20j 
π3ij = β30j  
Level 3: Sleep parameters and person-level covariates 
β00j = γ000 + γ001 (Gender) + γ002 (Ethnicity)+ γ003 (ParentEd)+ γ004 
(OralContraceptive) + γ005 (AverageSleepDuration) + γ006 
(SleepDurationVariability) + γ007 (PSQI) + u00j 
β10j = γ100 + γ101 (Gender) + γ102 (Ethnicity) + γ103 (ParentEd) + γ104 
(OralContraceptive) + γ105 (AverageSleepDuration) + γ106 
(SleepDurationVariability) + γ107 (PSQI) + u108j (Cortisol models only) 
β20j = γ200 
β30j = γ300 + γ301 (Gender) + γ302 (Ethnicity) + γ303 (ParentEd)+ γ304 
(OralContraceptive) + γ305 (AverageSleepDuration) + γ306 
(SleepDurationVariability) + γ307 (PSQI) 
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Model 3 
 
Level 1: Modeling diurnal rhythms  
LogCort/sAAtij = π0ij + π1ij(TimeSinceWakingtij) + π2ij(Time
2
tij) + 
π3ij(CAR/AARtij) + etij  
Level 2: Predicting cort/sAA from prior night sleep duration and efficiency 
π0ij = β00j + β01j (PriorNightSleepDurationj) + β02j(PriorNightSleepEfficiencyj)  
+ r0ij  
π1ij = β10j + β11j (PriorNightSleepDurationj) + β12j(PriorNightSleepEfficiencyj) 
π2ij = β20j 
π3ij = β30j + β31j (PriorNightSleepDurationj) + β32j(PriorNightSleepEfficiencyj) 
Level 3: Sleep parameters and person-level covariates 
β00j = γ000 + γ001 (Gender) + γ002 (Ethnicity)+ γ003 (ParentEd)+ γ004 
(OralContraceptive) + u00j 
β10j = γ100 + γ101 (Gender) + γ102 (Ethnicity) + γ103 (ParentEd) + γ104 
(OralContraceptive) + u105j (Cortisol models only) 
β20j = γ200 
β30j = γ300 + γ301 (Gender) + γ302 (Ethnicity) + γ303 (ParentEd)+ γ304 
(OralContraceptive)  
 
 
Results 
Descriptive data 
Descriptive statistics (means, standard deviations, percentages) and bivariate 
correlations were assessed for all variables and can be found in Table 1. The sample was 
54% Non-Hispanic White and 24% male, with a mean age of 18.53 (SD = .37). 
Participants came from diverse socioeconomic backgrounds as indicated by their parents’ 
average level of education: 11.8% of the parents in the sample completed some high 
school, 25% received a high school diploma, 26.3% had some college, 14.5% had an 
associate’s degree, 15.8% percent completed a Bachelor’s degree, and 6.6% had a 
graduate degree. Twenty-two percent of the sample lived at home during their first 
semester of college, and the average number of days between the start of the semester and 
initiation of the protocol was 55.67 (SD = 20.48). On average, participants slept 6.24 (SD 
= .98) hours per night and the average sleep efficiency was 83.78 (SD = 5.20). Average 
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subjective sleep quality in the sample, measured via the PSQI, was 5.76 (SD = 2.73). 
PSQI scores above 5 are considered to be indicative of poor sleep quality (Buysse et al., 
1989; Buysse et al., 2008). The average person-level variability in sleep duration was 
1.06 hours, which can be interpreted as a measure of sleep duration consistency (larger 
values equal less consistency). In other words, this measure is the average variability in 
sleep duration across four nights of sleep for all individuals in the sample.  
Intercorrelations: independent, dependent and control variables 
Among independent, dependent and control variables there were several 
statistically significant bivariate correlations (see Table 1). Oral contraceptive use (r = -
.26, p < .05) and average sleep duration (r = -.36, p < .01) were negatively associated 
with the CAR. Average sleep duration was also negatively associated with average 
diurnal cortisol slopes (r = -.41, p < .01), but sleep duration variability was positively 
associated with the average diurnal cortisol slope (r = .26, p < .05). Sleep duration 
variability was also positively related to the AAR (r = .25, p < .05) and PSQI measured 
sleep quality was positively associated with waking levels of sAA (r = .25, p < .05). 
Further, males had a larger AAR (r = .33, p < .01) than females, and Non-Hispanic 
Whites demonstrated a smaller AAR (r = -.30, p < .01) than other races/ethnicities. Sleep 
duration was associated with sleep efficiency (r = .26, p < .05). 
Multilevel growth models predicting diurnal cortisol and sAA 
Table 2 contains results from multilevel growth models with cortisol as the 
dependent variable and Table 3 contains results with sAA as the dependent variable. 
Individuals, on average, demonstrated typical diurnal patterns of cortisol and sAA. 
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Waking levels of cortisol were relatively high (γ000, intercept = -1.61, p < .001, equal to 
.20 μg/dl) and consistent with prior literature (Adam et al., 2010; Vrshek-Schallhorn et 
al., 2013), as were individuals’ cortisol awakening responses, which demonstrated a 
75%
2
 increase (γ300 = .56, p < .001) within thirty minutes of waking. As expected, 
cortisol levels declined across the day at a rate of 7.0% per hour at waking (γ100 = -.07, p 
< .001). Further, the quadratic term included to model possible curvilinear effects was 
also negative and significant (γ200 = -.002, p < .001).  For sAA, participants showed 
moderate waking levels (γ000, intercept = -.97, p < .001, equal to .38 U/ml) with a 
significant decline (γ300 = -.87, p < .001) within the first thirty minutes after waking, and 
an increase across the day (γ100 = .14, p < .001) at a rate of 15.8% per hour at waking. 
The quadratic term was negative and significant (γ200 = -.007, p < .001) suggesting that 
the linear rate of change per hour was reduced across the waking day.   
Sleep and diurnal cortisol 
 When between-person sleep parameters and covariates were entered into the 
model examining cortisol (Model 2 with cortisol as outcome), several significant 
associations emerged. Average sleep duration was positively associated with average 
waking levels of cortisol (γ005 = .14, p < .01), such that individuals who slept longer, on 
average, had higher waking levels of cortisol. Further, average sleep duration was 
negatively associated with the average diurnal cortisol slope (γ105 = -.03, p < .05), such 
that individuals who slept longer, on average, had a corresponding 2.8% steeper decline 
                                                          
2 Because cortisol/sAA values have been log transformed, these values can be interpreted as percent change 
per unit change in cortisol/sAA through the calculation of β%change = (e
(βraw)
) -1.  
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in cortisol per hour at waking. Average sleep duration was not significantly associated 
with the CAR (γ305 = -.078, ns).  
Sleep duration variability was negatively associated with average waking levels of 
cortisol (γ006 = -.20, p < .001), indicating that individuals who experienced more day-to-
day variability in sleep duration had lower waking levels of cortisol. In addition, average 
sleep duration variability was positively associated with the average diurnal cortisol slope 
(γ106 = .04, p < .01), such that individuals with higher day-to-day variability in sleep 
durations also had flatter diurnal slopes, on average. This result suggests that individuals 
with more daily fluctuation in sleep duration exhibited a 4.1% flatter rate of change in 
cortisol per hour across the day at waking. Subjective sleep quality, as measured by the 
PSQI, was not associated with waking levels of cortisol (γ007 = -.02, ns), the CAR (γ307 = 
-.02, ns), or the diurnal slope (γ107 = .001, ns). 
Regarding within-person associations (Model 3), prior night sleep duration was 
positively associated with waking levels of cortisol. On days where individuals slept 
more than their typical amount, they demonstrated higher waking levels of cortisol (β01 = 
.10, p < .05). Prior night sleep duration was not associated with the CAR (β31 = -.07, ns) 
or diurnal slope (β11 = -.002, ns). Prior night sleep efficiency was not associated with 
waking levels of cortisol (β02 = .002, ns), the CAR (β32 = -.10, ns), or the diurnal slope 
(β12 = -.001, ns). 
Sleep and diurnal sAA 
Similar to cortisol models, sleep parameters were entered into the model (Model 
2) to examine associations with diurnal sAA (see table 3). For sAA diurnal parameters, 
average sleep duration was not associated with waking levels of sAA (γ005 = -.003, ns), 
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the AAR (γ305 = -.003, ns) or diurnal slope (γ105 = .001, ns). Further, no statistically 
significant associations were found for average sleep duration variability and waking 
levels of sAA (γ006 = -.008, ns), the AAR (γ306 = .23, ns) or diurnal slope (γ106 = -.003, 
ns). However, subjective sleep quality was associated with higher waking values of sAA 
(γ007 = .12, p < .01), indicating that individuals who endorsed worse overall sleep quality 
also had higher waking levels of sAA, on average. Subjective sleep quality was not 
associated with the AAR (γ307 = -.04, ns) or diurnal slope (γ107 = -.003, ns). 
 There were no statistically significant associations between prior night sleep 
duration or efficiency and sAA. Sleep duration was not associated with sAA waking 
levels (β01 = .002, ns), awakening response (β31 = -.002, ns), or diurnal slope (β11 = -.002, 
ns). Sleep efficiency was not associated with sAA waking levels (β02 = -.008, ns), 
awakening response (β32 = .02, ns), or diurnal slope (β12 = .001, ns). 
Discussion 
 
The sleep-wake cycle and stress responsive physiological mechanisms represent 
two bio-regulatory processes necessary for everyday functioning. Sleep behavior has 
been implicated as an important factor modulating individual differences and day-to-day 
fluctuations of the diurnal rhythms of cortisol (Elder et al., 2014; Steiger, 2002). 
However, studies examining sleep and diurnal cortisol have produced mixed results; 
partially due to methodological inconsistencies including varying sampling procedures 
and a lack of compliance devices necessary to accurately model diurnal patterns 
(Kudielka et al., 2003). Further, relations between different facets of sleep (e.g., sleep 
quantity, sleep quality, sleep consistency) have yet to be fully examined using objective 
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and subjective sleep measures in naturalistic settings. Thus, the primary aim of this study 
was to use multiple methods to examine both between- and within-person associations 
between various aspects of sleep (e.g., sleep duration, sleep quality, sleep duration 
variability) and diurnal patterns of cortisol. Given the lack of empirical evaluation of 
relations between sleep and sAA, a secondary aim of this study was to test associations 
between similar measures of sleep and sAA diurnal rhythms. 
Sleep and diurnal cortisol 
Results demonstrated that waking levels of cortisol were associated with average 
sleep duration and sleep duration variability, but not subjective reports of sleep quality. 
That is, individuals with more variable sleep durations had lower waking cortisol levels, 
and individuals with greater sleep duration, on average, had higher waking levels of 
cortisol. Within-person results revealed that on nights when an individual slept more than 
their typical amount they also had higher waking cortisol levels. These differential results 
may be related to the interconnection between cortisol secretion and the sleep-wake 
cycle. Sleep, particularly slow-wave sleep, has an inhibitory effect on cortisol pulses and 
levels (Gronfier et al., 1998). Thus, cortisol levels are lowest during the first half of the 
sleep-wake cycle, when sleep is deepest (i.e., slow wave sleep). CRH and cortisol begin 
to rise during the later phase of sleep, which is more likely to include higher levels of 
REM sleep and less slow wave sleep (Buckley et al., 2005). Individuals who sleep for 
longer durations may be more likely to experience greater REM sleep and to wake with 
higher levels of cortisol, as they have more time to establish increases in both CRH and 
cortisol before waking. Whereas individuals who sleep for less time or who exhibit 
greater sleep duration variability (i.e., less sleep duration consistency) may have less time 
 40 
 
to establish an increase in cortisol before awakening or they likely are waking during an 
earlier phase of the rise in cortisol seen prior to wakefulness. These findings are 
consistent with results from other studies examining sleep duration using both self-
reports of sleep (e.g., Kumari et al., 2009) and objective measures (e.g., Zeiders et al., 
2011). Moreover, these findings indicate that waking levels of cortisol are influenced by 
typical levels of sleep duration, sleep duration variability and day-to-day changes in sleep 
duration.  
Importantly, no associations were found between average sleep duration, sleep 
duration variability, sleep quality or day-to-day changes in sleep and the CAR. These 
results stand in contrast to recent studies that have demonstrated a link between reduced 
sleep duration and the CAR (e.g., Kumari et al., 2009; Vargas and Lopez-Duran, 2014), 
but are consistent with other studies that have reported null findings (e.g., Pruesner et al., 
1997). The current study findings support prior theoretical work that proposes the CAR is 
independent of the cortisol diurnal pattern, and instead represents the response to 
awakening (Wilhelm et al., 2007), which has been shown to be influenced by prior 
experiences but may not be related to the length of sleep (Adam et al., 2006; Clow et al., 
2010). That is, individuals who have shorter sleep may just be shifting the timing of the 
CAR, not necessarily affecting the magnitude of the response. This makes sense, given 
that prior work reporting relations between sleep duration and the CAR have not used 
electronic compliance devices (e.g., Kumari et al., 2009; Vargas and Lopez-Duran, 2014) 
to ensure accuracy in the timing of samples needed to model the awakening response. A 
failure to capture the beginning and end of the CAR may results in inaccurate estimation 
of the size of the CAR (Kudielka et al., 2003; Smythe et al., 2013), which could skew 
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results. Thus, the length of ones’ sleep may not be influencing the dynamic increase in 
cortisol often seen post-awakening, but instead is potentially shifting the timing of the 
response, which may be inaccurately measured in studies that do not use compliance 
devices in naturalistic settings to accurately assess timing. This hypothesis is in line with 
prior theory positing that the CAR, although subject to external psychosocial and 
environmental influence, is independent of the diurnal rhythm and sleep-wake cycle and 
represents the response to awakening (Clow et al., 2010; Wilhelm et al., 2007).  
Contrary to what was expected, sleep quality and sleep duration variability were 
not related to the CAR. In addition to being a response to awakening, the morning 
increase in cortisol has been theorized to represent an adaptive response that may be 
altered by psychosocial events or increases in stressful experiences (Adam et al., 2006; 
Doane and Adam, 2010). In the current study, it was hypothesized that low sleep quality 
and high levels of sleep duration variability would be representative of a typical stressor 
resulting in a greater CAR. It was also speculated that poorer sleep quality and greater 
sleep duration variability may be indicative of higher levels of stress, which in turn, are 
affecting sleep behaviors. However, given the null findings in the current sample, it may 
be that there were not high enough levels of sleep duration variability or poor quality 
sleep to influence a change in the CAR. More extreme levels of sleep duration variability 
(e.g., shift workers) and poor sleep (e.g., sleep apnea, insomnia) may be necessary to act 
as strong enough stressors to influence a change in the CAR. Alternatively, the CAR may 
be indeed independent of the cortisol diurnal rhythm, and may not be affected by changes 
to the sleep-wake cycle, including sleep behaviors and the quality of sleep. Another 
possible explanation is that because of the strict compliance parameters used in the 
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current study, measures of sleep and the CAR were not confounded. In studies that do not 
use strict compliance protocols, it may be that poor sleep leads to worse morning 
compliance needed to accurately measure the CAR.  
Both sleep duration and sleep duration variability were associated with the linear 
change in cortisol across the waking day (i.e., diurnal slope), but sleep quality was not 
related to the linear change in cortisol. Between-person results revealed that across 
individuals, longer sleep durations, on average, were related to steeper cortisol slopes 
(i.e., greater rate of change per hour across the day) and high sleep duration variability 
(i.e., less consistent sleep durations) was associated with flatter cortisol slopes (i.e., less 
rate of change per hour across the day). However, within-person results revealed that 
prior night sleep duration and quality were not related to the diurnal cortisol slope. That 
is, on days when adolescents slept for different lengths and had different quality sleep 
then their typical quantity and quality of sleep there was no significant change in their 
diurnal cortisol slope. It is hypothesized that one night of sleep may not be enough of a 
change to impact diurnal patterns of cortisol. Moreover, four days of sleep may not be 
sufficient to detect significant within-person variability.  
Regarding between-person findings, these results are partially in line with prior 
studies that have demonstrated flatter cortisol slopes in individuals with shortened sleep 
durations (Kumari et al., 2012; Zeiders et al., 2011). Flattened diurnal profiles are 
theorized to be an indicator of dysregulation in the HPA axis and to the diurnal rhythm of 
cortisol (Sephton et al., 2000; Stone et al., 2001). The current findings suggest that 
individuals who typically sleep for longer durations may demonstrate more adaptive 
diurnal patterns of cortisol, whereas individuals who exhibit greater fluctuations in their 
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sleep durations demonstrate an inability to reduce cortisol levels across the day or fail to 
deactivate the HPA axis resulting in a flattening of the diurnal slope. It is speculated here 
that shortened sleep or high levels of sleep duration variability may be acting as a stressor 
influencing cortisol output or may be representative of higher levels of stress influencing 
sleep behavior. This is in line with prior studies that have demonstrated changes to 24-
hour patterns of cortisol in shift workers who naturally vary sleep schedules and sleep 
durations, as well as in studies experimentally manipulating sleep schedules (Weibel and 
Brandenberger, 1998; Rehman et al., 2010). Rapidly changing sleep behavior is not 
uncommon for adolescents entering their first year of college. In the current sample, the 
primary sleep behavior to change after entering college was the time students go to sleep, 
which was related to concurrent symptoms of anxiety and depression (Doane et al., 
2015). This may be a result of high levels of stress or arousal affecting sleep patterns or 
simply the demands of changing social and academic schedules during the first semester 
of college. In sum, these results demonstrate that diurnal cortisol slopes vary, in part, as a 
function of both typical sleep durations and variability in sleep durations. Further, these 
results provide evidence that normative fluctuations in sleep behavior may alter diurnal 
cortisol patterns. 
Sleep and diurnal sAA 
Both typical and day-to-day changes in sleep duration were not related to sAA 
diurnal rhythms, suggesting sleep duration and sleep duration variability, at least in the 
short term, had little or no effect on daily patterns of sAA in this sample. These findings 
are consistent with other studies that have reported no association between sleep duration 
and diurnal sAA among similar populations (e.g., Nater et al., 2007). Given the lack of 
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empirical examination of sleep and sAA, it is speculated here that greater changes in 
sleep behaviors (e.g., chronic sleep deprivation, insomnia) over greater periods of time 
(e.g., weeks, months) may be required to change diurnal patterns of sAA, given the 
relative stability of sAA diurnal patterns (i.e., Out et al., 2013).  
Results did reveal that subjective sleep quality, as rated by global questionnaire 
(i.e., PSQI), was related to greater waking levels of sAA, such that individuals who 
endorsed receiving worse sleep quality also had higher waking levels of sAA, on average. 
It may be that the PSQI, which assesses sleep behaviors over the previous month, is 
capturing more chronic or stable sleep quality issues than is able to be measured by four 
nights of actigraphy measured sleep, which supports the above speculation that greater 
periods of time are needed to detect patterns of change in sAA. This association is in line 
with studies that have demonstrated altered morning sAA level in clinical populations 
such as individuals with PTSD (e.g., Thoma et al., 2012), a population that also exhibits 
comorbid sleep problems. For these individuals, worse sleep quality may be an indicator 
of more restless sleep or a greater amount of night awakenings, which could result in 
more active ANS activity throughout the night and upon awakening in the morning 
(Spiegel et al., 1999; Zhong et al. 2005). Regarding within-person results, sleep duration 
and quality were not related to diurnal sAA. It may be the case that one night of 
shortened sleep or worse quality sleep may have limited impact on diurnal sAA patterns, 
which have demonstrated considerable stability from day-to-day (Out et al., 2013).  
Implications 
 There are several implications of these findings. First, this study provides a 
greater understanding of the relations between multiple components of sleep and multiple 
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indicators of diurnal stress physiology (i.e., cortisol, sAA) among a population that has 
just experienced an important developmental transition (e.g., the transition into college 
from high school). Previous studies lack a nuanced examination of different facets of 
sleep and relations with diurnal patterns of cortisol and sAA. Although there are studies 
that have examined both sleep duration and sleep quality, this is the first study to test how 
variability in sleep durations affects diurnal patterns of cortisol. This study demonstrated 
that variability in the amount of sleep one typically receives may be a substantial 
predictor of daily fluctuations of key components of diurnal cortisol patterns, including 
waking levels and the linear change in cortisol across the day. Second, this study utilized 
a multi-method approach to measuring sleep, allowing for delineation between relations 
of both subjective and objective measures. This is important, as few studies have 
attempted to examine the relative differences in associations between sleep and diurnal 
cortisol using both subjective report and objective measures.  
Third, by testing both within- and between-person associations this study was able 
to examine whether typical sleep is related to diurnal cortisol and sAA at the aggregate 
level, but also if day-to-day changes in sleep are influencing day-to-day changes in 
diurnal stress physiology. Results revealed that changes in waking levels of cortisol may 
be sensitive to within-person, day-to-day changes in the amount of time an individual 
sleeps. Fourth, this study provides evidence in support of theoretical work claiming the 
CAR may be independent of diurnal variations in HPA axis activity and sleep behaviors, 
and instead represents the response to awakening (Clow et al., 2010). Although the CAR 
may be sensitive to external inputs, including psychological and environmental 
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experiences, this study demonstrated that the CAR appears to be relatively unaffected by 
sleep behavior, including the quantity, quality and variability of ones’ sleep.  
Last, this study has important implications for adolescent development, 
specifically adolescents moving into the college environment. Despite recent empirical 
reports demonstrating that adolescents may be getting more sleep as they enter early 
adulthood (e.g., Maslowsky & Ozer, 2014), sleep may becoming more irregular due to 
increased autonomy and changing schedules. This may be particularly true for those 
adolescents who enter the college environment (Doane et al., 2015; Pilcher et al., 1997). 
Prior research examining this developmental transition has shown that these changes in 
sleep behavior (e.g., greater variability in sleep routine and duration) are linked with 
increases in problems with mental health (e.g., Doane et al. 2015). This study provides 
further evidence that key sleep behaviors, including the consistency of sleep, may be 
associated with changes to stress responsive biological systems, including the HPA axis, 
which may be an important mechanism underlying the development of poor mental 
health (e.g., Adam et al., 2014; Doane et al., 2013; Vrshek-Schallhorn et al., 2013). 
Strengths and limitations 
 This study has several strengths. First, objective and subjective measures of sleep 
were used to examine sleep parameters in several ways. Subjective measures were used 
to examine associations with the study outcomes (e.g., questionnaire), but also to cross 
check objective indicators by using daily diaries. Using this multi-method approach, 
sleep was measures through objective methods (e.g., actigraphy), subjective report via 
questionnaire, and daily diaries, which allowed for a more accurate depiction of sleep in 
naturalistic settings and enabled confirmation of sleep behaviors (e.g., cross checking 
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with diary reports). Participants who demonstrated discordance with either actigraphy 
procedures or recording sleep times in daily diaries were removed from analysis. The use 
of objective sleep measures was also used to confirm waking times, which increases the 
validity of morning saliva assessments needed to capture the awakening response of 
cortisol and sAA. Second, electronic monitoring devices were used to ensure compliance 
with morning sampling procedures. In order to reduce any bias in estimating the waking 
and awakening response sample, participants who did not give a sample within 15 
minutes of their wake time, and their second sample was between 23 and 37 minutes after 
their first sample were considered non-compliant and removed from analysis. A third 
strength of this study was measuring multiple indicators of the stress response system. 
The majority of the literature examining sleep and stress physiology has focused 
primarily on cortisol. However, investigators in the field have highlighted the need to 
measure and report results of multiple indicators of the physiological stress response 
system (Bauer et al., 2002; Granger, 2012). Last, daily diaries were used to measure and 
covary for behaviors that may interfere with saliva sampling, such as eating, drinking, 
caffeine use and exercise.  
This study was not without limitations. First, future studies should aim to replicate 
these results with a larger, more heterogeneous sample (e.g., non-college going 
adolescents). Moreover, this study should be replicated during other developmental 
transitions (e.g., moving from childhood to adolescence), but also during times of less 
change and more stability in sleep behaviors (e.g., young adulthood). Examining similar 
questions across varying development transitions would provide a greater understanding 
for how specific times of change may be contributing to fluctuations in sleep and 
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potential changes in subsequent diurnal stress physiology. An additional limitation is the 
predominantly female sample in this study. Future studies should attempt to obtain a 
more balanced sample between males and females to increase generalizability. Next, 
although this study had multiple nights of sleep and salivary collection, measuring only 
four nights of sleep may have obscured findings due to low statistical power, particularly 
for within-person analyses. Future studies should collect more nights of sleep to further 
examine within-person changes in sleep and associations with stress physiology. Last, 
sleep was only examined during weekdays making comparisons to weekend sleep 
behaviors not possible. Sleep behavior may be even more variable and disrupted on 
weekends (e.g., social jetlag), particularly in this population. However, despite only 
collecting sleep during a more stable time (e.g., during the week), results still revealed 
significant associations.  
Conclusions 
 Overall, this study provides a greater understanding of how typical lengths and 
patterns of sleep, measured using multiple methods, relate to cortisol and sAA diurnal 
rhythms and is one of the few studies to examine associations between day-to-day, 
within-person changes in sleep and daily variations in cortisol and sAA. Evidence is 
provided that support prior theoretical and empirical research examining relations 
between sleep duration and diurnal patterns of cortisol, including associations with 
waking levels of cortisol and the diurnal slope. However, contrary to some prior research, 
sleep behaviors, including duration and quality, were not related to the CAR. The current 
study is also the first to examine associations between sleep duration variability and 
diurnal cortisol. This study demonstrated that variability in the amount of sleep one 
 49 
 
receives may have important implications for daily functioning of a key component of the 
stress response, the HPA axis. This is important as changes in health behaviors, including 
sleep, are one of the first behaviors to change when adolescents enter the college 
environment. This study provides evidence that these changes in sleep behaviors, 
specifically fluctuations in ones sleep durations, could have implications for bio-
regulatory mechanisms important for responding to stress.  
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Table 1 
Descriptive Statistics and Intercorrelation Table of Salivary Cortisol, Alpha-Amylase and Sleep (N=69) 
 
 Mean (SD ) Min Max Percentage 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1. Waking levels of cortisol (ug/dl) .62 (.04) .18 16.39  -- 1
2. Cortisol awakening response .57 (.49) -.71 2.06  -- -.34** 1
3. Cortisol diurnal slope -.11 (.05) -.22 .05  -- -.51** .15 1
4. Waking levels of alpha-amylase (U/mL) 48.89 (51.14) 1.31 300.00  -- -.06 -.06 .13 1
5. Alpha-amylase awakening response -.64 (.98) -3.42 1.82  -- .03 .02 .16 -.43** 1
6. Alpha-amylase diurnal slope .03 (.06) -.09 .14  -- .02 -.17 .002 -.32** .48** 1
7. Sleep duration (hours)
a
6.24 (.98) 3.38 8.63  -- .22 .36** -.41** -.09 -.19 -.04 1
8. Sleep duration variability (hours)
b
1.06 (.56) .07 2.49  -- -.17 -.01 .26* -.17 .25* .01 .11 1
9. Sleep Efficiency 83.78 (5.20) 64.66 92.52 -- .04 .08 .05 .04 .09 -.03 .26* .21 1
10. Sleep Quality (PSQI) 5.76 (2.73) 1.00 13 -- -.12 .11 .11 .25* .07 -.03 -.03 .18 .21 1
11. Age 18.53 (.37) 17.18 19.12 -- .07 -.03 -.07 .12 .03 .07 .07 -.11 .08 -.07 1
12.  Parent education level 3.35 (1.44) 1.00 6.00 -- .05 -.09 -.12 .19 -.04 -.15 .18 -.06 .06 -.06 -.01 1
13. Non-Hispanic White (White = 1)  --  --  -- 54% .01 -.03 -.11 .23 -.30** -.14 .11 -.14 -.03 -.20 .19 .24* 1
14. Gender (Male = 1)  --  --  -- 24% .09 -.05 .02 .08 .33** .21 -.20 .09 -.02 .02 -.01 .02 -.04 1
15. Oral contraceptive use  --  --  -- 28% -.03 -.26* .08 -.01 -.17 -.09 .24* .08 .01 -.07 -.13 .02 .09 -.34** 1
Note : 
a 
Aggregate between-person actigraph measures of sleep ; 
b
 Represents the average sleep duration variability for all individuals across 4 nights of sleep; *p<.05 ** p<.01
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Table 2 
Multilevel Model Regression Estimates Predicting Cortisol 
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Table 3 
Multilevel Model Regression Estimates Predicting sAA 
 
 
Coefficient SE Coefficient SE
Intercept: waking levels, π0 -.97*** .141 -.95*** .139
   Male   -.066 .351
   White -.025 .249
   Parent education  .002 .086
   Oral contraceptive use .425 .238
Level 2: Prior night sleep duration .112 .082
Level 2: Prior night sleep efficiency -.008 .016
Level 3: Average sleep duration -.003 .130
Level 3: Sleep duration variability -.008 .189
Level 3: Sleep quality  (PSQI) .122** .037
Awakening response, π1 -.874** .113 -.864*** .113
   Male   .239 .288
   White -.180 .207
   Parent education .096 .071
   Oral contraceptive use -.224 .231
Level 2: Prior night sleep duration -.061 .095
Level 2: Prior night sleep efficiency .016 .013
Level 3: Average sleep duration -.113 .109
Level 3: Sleep duration variability .234 .200
Level 3: Sleep quality  (PSQI) -.045 .036
Time since waking: slope, π2 .138*** .031 .144*** .031
   Male   .025 ,017
   White -.024 .013
   Parent education -.001 .004
   Oral contraceptive use -.004 .014
Level 2: Prior night sleep duration -.010 .008
Level 2: Prior night sleep efficiency .001 .001
Level 3: Average sleep duration .001 .001
Level 3: Sleep duration variability -.003 .013
Level 3: Sleep quality  (PSQI) -.003 .002
Time since waking squared, π3 -.007*** .001 -.007** .001
Within-person pseudo R
2
Between-person pseudo R
2
Notes.  N = 69; individuals, days and moments were excluded from analyses based on compliance issues (table 4).
All fixed effects are with robust standard errors. * p<.05, ** p<.01, *** p<.001. sAA levels reflect log10 U/mL.
Model 2
--
.06
.04
--
Model 1
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Table 4 
Characteristics of the Full and Analytic Sample (T2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Full Sample Analytic Sample
Level-1 (Moments) 1106 958
  Salivary cortisol 950
  Salivary alpha-amylase 893
  NA & PA 958
Level-2 (Days) 295 205
  Sleep Duration 205
  Sleep Efficiency 205
Level-3 (Individuals) 76 69
Notes.  Individuals, day, and/or moments were excluded from analyses based on 
compliance and/or insufficient saliva.
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Figure 1. Average Salivary Cortisol and Alpha-amylase Rhythms Across the Waking Day. Values are aggregated across days (n=295) 
and individuals (n=69). The cortisol and sAA values represent the average level at the following time points across the day: waking, 
+30 minutes after waking, approximately 3 and 8 hours after waking, and immediately before bedtime. 
 
